Background. Resveratrol has been reported to induce angiogenesis in ischemic tissue. We hypothesized that high-dose resveratrol would improve native angiogenesis in a swine model of metabolic syndrome and chronic myocardial ischemia. Methods. Yorkshire swine were fed a normal diet (Control, n = 7), hypercholesterolemic diet (HCD, n = 7), or hypercholesterolemic diet with supplemental resveratrol (100 mg/kg/day orally, HCD-R; n = 7) beginning 1 month prior to surgery. Chronic ischemia was created by placing an ameroid constrictor on the left circumflex coronary artery. After 7 weeks, swine underwent functional MRI, coronary angiography, and serum and heart tissue harvest for analysis. Results. HCD-R animals had lower body mass index (P < .001), total cholesterol (P < .001), low-density lipoprotein (LDL; P < .001), blood glucose levels (P < .001), and systolic blood pressure (P = .03) than HCD animals. There was no difference in regional myocardial function at 7 weeks (P = .25). Coronary angiograms revealed no difference in Rentrop collateral scores (P = .68). Staining for platelet endothelial cell adhesion molecule-1 demonstrated higher capillary density in the Control group (versus HCD and HCD-R; P = .02). Immunoblotting demonstrated decreased expression of the pro-angiogenic protein vascular endothelial (VE)-cadherin (P = .002) and an increase in anti-angiogenic proteins angiostatin (P = .001) and thrombospondin (P = .02) in the HCD and HCD-R groups. Matrix metalloprotease 2 (MMP 2; P = .47) and MMP 9 (P = .12) were not different among groups. Conclusion. Supplemental resveratrol positively modified cardiovascular risk factors including body mass index, cholesterol, glucose tolerance, and systolic blood pressure. However, it did not increase native collateral formation in the ischemic myocardium. This may be a result of increased angiostatin and thrombospondin leading to decreased expression of VE-cadherin and other pro-angiogenic factors. (Surgery 2010;148:453-62.) 
NATIVE ANGIOGENESIS is the body's natural response to chronic ischemia. In the heart, chronic hypoxia leads to the activation of a number of molecular pathways, resulting in the formation of collateral vessels to restore blood flow to the ischemic territory. Unfortunately, this process is not consistent in patients with advanced coronary artery disease (CAD). In a recent study it was found that only one third of patients with CAD and one fifth of patients without CAD developed significant collateral vessels. In addition, patients with well developed collaterals had a 25% decrease in cardiac mortality at 5 years. 1 Therapeutic angiogenesis seeks to induce vessel growth in ischemic myocardium by upregulating pro-angiogenic pathways through gene, protein, or cell based treatments. The local delivery of pro-angiogenic growth factors to the ischemic myocardium was a promising method to relieve myocardial ischemia. Unfortunately, the translation of this work from healthy young animals to patients has been disappointing and largely unsuccessful. 2 The reason for the lack of a native response to ischemia and therapeutic interventions is multifactorial. Recent data have demonstrated that various factors associated with chronic disease may play a role. Obesity, diabetes mellitus, hypertension, and hypercholesterolemia have been associated with reduced collateral formation. 3 These diseases result in endothelial dysfunction, decreased nitric oxide production, increased oxidative stress, and production of specific inhibitors of angiogenesis such as angiostatin and endostatin.
Angiostatin and endostatin are endogenously produced angiostatic proteins that were first described by FolkmanÕs group. 4, 5 Angiostatin is a cleavage fragment of plasminogen, and endostatin a product of collagen XVIII cleavage. Both of these anti-angiogenic signaling molecules are increased in diseases commonly associated with CAD such as hypercholesterolemia, hypertension, and diabetes mellitus. 6 Resveratrol is a polyphenol found in abundance in red wine. In small animal and cultured cell models the supplement has been shown to enhance angiogenesis 7, 8 ; however, studies have not been performed in large animal models of chronic myocardial ischemia and metabolic syndrome. Additionally, there are few data available on the optimum dosage of resveratrol in large animals. There have been concerns about the bioavailability of orally delivered resveratrol, and some studies have shown low systemic concentrations. 9 Early studies in animal models and humans have demonstrated no adverse effects at daily doses up to 5 g, the highest dose tested. 10 We hypothesize that high-dose supplemental resveratrol will improve collateral formation in the ischemic myocardium.
METHODS
Animal model. Adult male Yorkshire miniswine (Parsons Research, Amherst, MA) were fed one of 3 diets daily throughout the 11 weeks of the experiment. The first group was given 500 g of a hypercholesterolemic diet daily (HCD, n = 7) composed of 4% cholesterol, 17.2% coconut oil, 2.3% corn oil, 1.5% sodium cholate, and 75% regular chow. A second group was fed the same hypercholesterolemic diet supplemented with 100-mg/kg/ day resveratrol (HCD-R, n = 7; Chromadex, Irvine, CA). The third group of swine was fed regular chow (Control, n = 7).
After 4 weeks of dietary modification, animals in the HCD and HCD-R groups underwent cardiovascular magnetic resonance imaging (CMR) and ameroid constrictor placement on the proximal left circumflex coronary artery (LCx). For all surgical procedures, anesthesia was induced with ketamine (10 mg/kg IM) and thiopental 2.5%, and maintained with a gas mixture of oxygen at 1.5--2 L/min and 3.0% isoflurane. The animals were intubated and mechanically ventilated at 12--20 breaths/min. During the first procedure (ameroid placement through a left mini-thoracotomy) gold-labeled microspheres (BioPhysics Assay Laboratory [BioPAL], Worcester, MA) were injected into the left atrium during temporary occlusion of the LCx to determine the exact myocardial territory at risk. Next, a titanium ameroid constrictor (1.75 mm internal diameter) was placed around the proximal LCx.
Seven weeks after ameroid placement, swine were anesthetized and CMR and x-ray coronary angiography were completed. The heart was then exposed and microspheres were again injected, followed by euthanasia. The heart was harvested and 2 1-cm thick transverse slices were cut at the midventricular level and sectioned into 8 segments each. Samples were divided and rapidly frozen in liquid nitrogen (molecular studies), placed in 4°C Krebs solution (microvessel reactivity studies), 10% formalin (immunohistochemistry studies), or weighed and dried (microsphere perfusion analyses).
All experiments were approved by the hospital Institutional Animal Care and Use Committee. Animals were cared for in compliance with the Harvard Medical Area Institutional Animal Care and Use Committee and in accordance with the ''Principles of Laboratory Animal Care'' formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals (NIH publication No. 1996) .
Serum cholesterol and intravenous glucose tolerance test. An intravenous glucose tolerance test (IVGTT) was performed on all animals prior to placement of the ameroid and again prior to euthanasia. A fasting baseline blood glucose level was measured and then dextrose, 0.5 g/kg, was infused. Blood glucose levels were measured at 30 min and 60 min post infusion. Serum total cholesterol and LDL measurements were made by AccelLAB (Boisbriand, Quebec, Canada), with a Siemens Advia 1200 chemistry system. Myocardial perfusion analysis. Myocardial perfusion was determined during each procedure with isotope-labeled microspheres (ILMs), 15-mm diameter (BioPAL) using previously reported methods.
11 Briefly, 1.5 3 10 7 gold-labeled microspheres were injected during temporary LCx occlusion at the time of ameroid placement to identify the area at risk. Labeled ILMs were also injected at the final procedure during rest and ventricular pace (150 beats/min) conditions. Following euthanasia, 10 transmural left ventricular sections were collected for ILM assays. The samples were exposed to neutron beams and microsphere densities were measured using a gamma counter.
Cardiovascular magnetic resonance imaging. Animals in the HCD and HCD-R groups underwent a CMR study before placement of the ameroid (pre) and prior to sacrifice (post) 7 weeks later. All animals were scanned using a 1.5T Philips Achieva scanner (Philips Healthcare, Best, The Netherlands) with a 5-element cardiac phased-array receiver coil. Left ventricular (LV) function were evaluated by acquiring free-breathing cine short axis steady state free processing slices covering the entire LV and a free-breathing phase contrast velocity map in the ascending aorta. MR tagging was performed to evaluate dyssynchrony and local LV myocardial function using 3 short axis slices with a spiral complementary spatial modulation of magnetization sequence. 12 Images were analyzed using MATLAB (The Mathworks, Natick, MA). 13 Each LV slice was divided into 6 segments and the circumferential strain of each segment was analyzed. The values obtained represent the amount of regional myocardial contraction in the mid anterolateral region contributing to the overall ejection fraction. Thus, a more negative number represents greater contraction of the myocardial segment. Comparisons of mid anterolateral segment myocardial function were made between the HCD and HCD-R groups prior to induction of ischemia and again after 7 weeks of ischemia.
X-ray coronary angiography. X-ray coronary angiography was carried out in order to ensure occlusion of the LCx and assess collateral formation. Recorded images were interpreted by a blinded interventional cardiologist. Angiographic collateral formation was assessed according to the Rentrop grading system of 0--3, depending on the presence and extension of the collateral filling of coronary epicardial vessels.
14 Immunohistochemistry. Formalin fixed tissue samples were processed for immunostaining. Antibodies against platelet endothelial cell adhesion molecule (PECAM-1, CD-31; Santa Cruz Biotechnology, Santa Cruz, CA) were applied to the sections for 2 hr at room temperature. Detection was obtained using a biotinylated goat antimouse secondary antibody and the avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, CA). Color was developed using diaminobenzidine substrate (1 mg/ml in PBS and 0.03% H 2 O 2 ). Sections were then counterstained with hematoxilin, dehydrated and mounted. Photomicrographs were taken with a Zeiss Axiolab microscope (Carl Zeiss Inc., Thornwood, NY) equipped with a digital camera (Photodoc-It; UVP, Upland, CA) and capillaries were counted in a blinded fashion.
Immunoblotting studies. Whole cell lysates were made from myocardial tissue using radioimmunoprecipitation assay buffer. Sixty micrograms of total protein was fractionated by 4--20% gradient, sodium dodecyl sulfate polyacrylamide gel electrophoresis (Invitrogen, San Diego, CA) and transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA). Each membrane was incubated with the following specific antibodies: antivascular endothelial (VE) cadherin, antimatrix metalloproteinase (MMP) 2, anti-MMP 9, anti-b catenin (Cell Signaling Technologies, Beverly, MA), anti-angiopoietin 1, anti-angiostatin, anti-tissue inhibitor of metalloproteinase (TIMP) 2, antithrombospondin (Abcam Inc., Cambridge, MA), and anti-endostatin (Millipore, Billerica, MA). Immune complexes were visualized with an enhanced chemiluminescence detection system (Amersham, Piscataway, NJ). Bands were quantified by densitometry of autoradiograph films. Ponceau staining was used to ensure equal protein loading.
Data analysis. All results are expressed as mean ± standard error of the mean. Microvessel responses are expressed as percent relaxation of the preconstricted diameter and were analyzed using 2-way, repeated measures analysis of variance with a post-hoc Bonferroni test. Western blots were analyzed after digitization (ScanJet 4c; HewlettPackard, Palo Alto, CA) with NIH ImageJ 1.33 software (National Institutes of Health, Bethesda, MD). Comparisons between the 3 groups were analyzed by 1-way, repeated measures analysis of variance with Newman-Keuls multiple comparison post-hoc test, with the exception of the circumferential strain data which was analyzed by 2-tailed t test, using GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA). P < .05 was considered significant.
RESULTS
Experimental model. All animals survived all procedures and completed the study. The swine had similar body mass indices (BMI) at the time of the ameroid placement (P = .11; Table) . After 7 weeks, at the final procedure, animals in the HCD group were significantly larger versus Control swine (P < .001). The HCD group had significantly higher levels of total cholesterol as compared to the Control and HCD-R groups (P < .001). There was no statistical difference between the Control and HCD-R groups. The levels of LDL demonstrated a similar pattern, with the HCD group significantly greater than the Control and HCD-R groups (P < .001). IVGTT performed during the final procedure demonstrated no differences between the groups at the baseline measurement (P = .4). Thirty min after glucose infusion the HCD group had glucose levels significantly higher than the Control and HCD-R groups (P = .002). There was no statistical difference between the HCD-R group and the Control group at 30 min. Sixty min after glucose infusion there was no difference between the groups (P = .2). Seven weeks after ameroid placement, myocardial perfusion at rest and during ventricular pacing was similar between groups (P = .25 and P = .47, respectively; Fig 1, A and B) .
Cardiac magnetic resonance imaging. Regional wall motion analysis using CMR circumferential strain demonstrated no difference in anterolateral regional function (region of measurement shown in Fig 2, A and B) from baseline (pre) to 7 weeks of chronic ischemia (post) in HCD swine in the basal myocardial slice (--14.1% ± 1% to --12.1% ± 2%; P = .40; Fig 2, C) . Regional function in HCD-R swine from baseline (pre) to 7 weeks chronic ischemia (post) demonstrated a similar nonsignificant decrease in regional function (--13.8% ± 7% to --11.3% ± 1%; P = .32; Fig 2, D) .
X-ray coronary angiography. All animals had total occlusion of the proximal LCx by the ameroid constrictors (Fig 3, A) . Rentrop collateral scores were not significantly different among the groups (Control 0.9 ± 0.3, HCD-R 1.3 ± 0.4, HCD 1.3 ± 0.3; P = .68; Fig 3, B) .
Immunohistochemistry. Staining of fixed sections from the ischemic territory for PECAM-1 Fig 4, A--D) .
Protein expression. VE cadherin expression was reduced in the HCD and HCD-R groups compared to control (P = .02). Angiopoietin 1 demonstrated a nonsignificant trend for decreased expression in the HC groups, which appeared unaffected by resveratrol treatment (P = .17). Protein levels of angiostatin were increased in HCD-R group versus the Control and HCD groups (P = .001). Endostatin expression was not significantly different between groups (P = .39; Fig 5, A--D) . There was similar expression of b catenin (P = .79, not shown).
Levels of thrombospondin-1 were increased in the HCD and HCD-R groups as compared to the Control group (P = .02). MMP 2 (P = .48) and MMP 9 (P = .80) expression were not different between groups. There was similar expression of TIMP 2 protein among groups (P = .17; Fig 6,  A--D) .
DISCUSSION
In this swine study of chronic ischemia we found that supplemental resveratrol positively modified a number of risk factors for cardiovascular disease including BMI, total cholesterol, glucose tolerance, and systolic blood pressure. However, resveratrol did not increase native collateral development in the ischemic myocardial territory. Both the HCD-R and the HCD groups had significantly lower capillary density in the ischemic myocardium than the Control group. Examination of the molecular signaling pathways was significant for a decrease in the expression of VE cadherin and an increase in angiostatin and thrombospondin-1 in the HCD-R group. There was no difference in the expression of b catenin, endostatin, MMP 2, MMP 9, or TIMP 2 (Fig 7) .
VE cadherin (also known as cadherin-5 and CD144) is essential for angiogenesis. It functions to form the junctions between endothelial cells which lead to vascular tubule formation. 15 VE cadherin mediates endothelial cell adhesion by homophilic calcium dependent interactions with intracellular catenins (a, b, or, g ). Experiments done in vitro with specific antibodies against VE cadherin led to dissociation of the endothelial cell layer. 16 Angiopoietin 1 also functions to stabilize endothelial cell contacts by inhibiting dissociation of VE cadherin-b catenin interactions. VE cadherin also has a pro-survival, anti-apoptotic signaling role during angiogenesis. Additionally, increased expression of VE cadherin has been associated with a prolongation of the half-life of vascular endothelial growth factor receptor 2 (VEGFR2), the major receptor responsible for activating the myriad pro-angiogenic pathways of VEGF. 17 With decreased expression of VE cadherin these functions that are supportive to angiogenesis may be negated, and could lead to decreased collateral formation in the ischemic myocardium.
Angiostatin was first isolated from mice with Lewis lung carcinoma that demonstrated inhibition of metastatic tumor growth due to its production by the primary lesion. 5 It is a cleavage product of plasminogen. MMP 2 and 9 are type IV collagenases that have been implicated in both pro-and anti-angiogenic processes. Initially they are involved with remodeling of the extracellular matrix for vessel extension and growth. Over time, however, their function may change, and in an antiangiogenic role they have been identified as the terminal step in angiostatin formation. 18 MMP 2 and 9 can also activate other matrix derived antiangiogenic factors such as tumastatin. TIMPs are known to function as inhibitors of active MMPs and may act to decrease the formation of angiostatin. 19 Like MMPs, TIMPs have been found to have a canonical role in angiogenesis. It has been shown that TIMP 2 is required for MMP 2 activation. 20 In our current study, there was a slight increase in TIMP 2, but its role was not clear. It is possible that the increase in angiostatin was due to decreased metabolism leading to accumulation. We did not measure the breakdown of angiostatin, and the increased levels may be due to decreased degradation.
Angiostatin inhibits angiogenesis by inhibiting endothelial cell migration and tube formation. Previous work has demonstrated that angiostatin interferes with cellular adhesion mediated by VE cadherin. 21 By inhibiting cellular adhesion angiostatin can block migration and adhesion of endothelial cells resulting in decreased vessel formation.
PECAM-1 is a transmembrane glycoprotein essential for angiogenesis. It is also involved in endothelial cell adhesion and vascular tube formation. Thrombospondin-1 is a glycoprotein that interacts with endothelial cells and has antiangiogenic properties. It has been shown to inhibit angiogenesis by downregulating expression of PECAM-1. It also acts to decrease endothelial cell proliferation, block migration, and induce apoptosis signaling. 22 In previous animal and human studies we and others have demonstrated that hypercholesterolemia and diabetes mellitus are detrimental to the native angiogenic process. 23 In these studies, like the current work, common comorbid diseases lead to decreased collateral formation in ischemic myocardium and increased anti-angiogenic factor expression. Resveratrol has been shown to act as a pro-angiogenic supplement in cultured cell and healthy small animal studies, 7, 8 but this was not the case in the current study. Recently studies have suggested that the angiogenic response to resveratrol is dose dependent. In a study of intracerebral gliomas in rats high-dose resveratrol resulted in decreased expression of VEGF, decreased angiogenesis, and longer survival at a dose of 100 mg/ kg/day. 24 Dudley et al 25 examined the effects of orally delivered resveratrol on the myocardium in the setting of acute ischemia reperfusion injury. They described dose dependent effects of resveratrol in the heart. Rats fed high-dose resveratrol (>25 mg/kg/day) demonstrated depressed cardiac function and increased myocardial infarct size. Additionally, at high dosages cell death signals predominated in the reperfused myocardium.
There are several limitations to our study. First, it was performed in a porcine model of chronic myocardial ischemia. While in most situations, the porcine coronary circulation closely mimics the physiology and pathophysiology of the human coronary circulation, this may not necessarily be the case in this situation. Second, although the observed changes were sufficient to allow determination of statistical significance, the number of animals in each group was relatively small and therefore our findings should be interpreted in this context. Additionally, the fine balance between pro-and anti-angiogenic signaling is complex and not fully understood. There may be unmeasured inhibitors of angiogenesis impacting the overall response. Finally, while we measured levels of protein expression (MMP, TIMP), the activity of these enzymes may be altered, and unaccounted for.
Future planned studies will examine a lower dose of resveratrol on native angiogenesis, because this may result in a pro-angiogenic effect. In addition, we intend to explore the combined effects of supplemental resveratrol and exogenous growth factors in our chronic myocardial ischemia model. The role of this supplement in the setting of chronic comorbid diseases, seen commonly in patients with CAD, has not been established. The pleotropic effects of resveratrol will need to be clarified prior to extensive study in humans.
In conclusion, high dose supplemental resveratrol positively modified a number of components of the metabolic syndrome, but did not increase collateral density in the ischemic myocardium. Production of the anti-angiogenic proteins angiostatin, through pathways independent of MMP 2 and 9, and thrombospondin 1 may explain the inhibition of new vessel formation. 
